We use stations in the Willamette valley and Oregon coast ranges to identify low-frequency earthquakes that occurred during the August-September 2009 episodic tremor and slip event. While autocorrelation techniques are often successful at identifying LFE templates, in central Cascadia, this technique systematically fails due to the lack of densely spaced, high-quality stations. Instead, we use cross-station methods that have been successful at identifying LFEs in northern Cascadia to register initial candidate templates, network cross-correlation to register additional LFE detections, and stacking to refine the identified templates. Using this procedure, we detect nearly 16 thousand events comprising a total of 18 LFE families located in central Oregon between 30 and 40 km depth either at or near the plate boundary. The time history of detections between families is consistent with the slip front in the 2009 SSE migrating from north to south at a velocity of 5 km/day. The templates we identify have more complicated waveforms than those previously identified in northern Cascadia. These differences in waveform character likely a consequence of the small number of contributing stations.
Introduction
While many slow earthquakes are aseismic and can only be detected using geodetic techniques, some slow earthquakes do have a seismic manifestation. These long-duration, small-amplitude seismic signals, dubbed non-volcanic tremor (NVT) lack impulsive phase arrivals associated with regular earthquakes and are depleted in high-frequency content relative to conventional earthquakes of the same size Obara, 2002) . Low-frequency earthquakes (LFEs) are short-duration seismic signals also associated with slow slip that more closely resemble conventional earthquakes. Shelly et al. (2007) first demonstrated that the NVT signal can be explained as a superposition of many LFEs.
LFEs have now been observed along major strike-slip plate boundaries such as the San Andreas fault in California (Shelly and Hardebeck, 2010) and the Alpine fault in New Zealand (Chamberlain et al., 2014) , in thrust faults (Tang et al., 2010) , and in subduction zones around the world (Bostock et al., 2012; Brown et al., 2009; Frank et al., 2013; Plourde et al., 2015; Royer and Bostock, 2014; Rubin and Armbruster, 2013; Shelly et al., 2006) . In Cascadia, high-quality LFE catalogs extend from central Vancouver Island south to approximately the WashingtonOregon border (Royer and Bostock, 2014) . However, NVT regularly occurs much further south, in Oregon and Northern California Wech and Creager, 2008) .
In this study, we attempt to find LFEs in central Cascadia from the 2009 slow slip event (SSE). We chose this episode because both the NVT data and spatiotemporal slip inversions derived from geodetic data show that slip propagates into central Oregon and ceases just south of 44°latitude (Bartlow et al., 2011; Wech and Creager, 2008) . Assembling a high-quality LFE catalog in this region is challenging for two reasons. First, the low amplitude nature of LFEs requires stations that are densely spaced, have high SNR, and are close to the LFE source region, while station spacing in the central Oregon coast ranges is generally sparse. Second, LFEs in this area tend to occur in rapid bursts that form tectonic tremor and identification of individual LFEs is difficult. The challenging conditions are not unique to Oregon, hence finding approaches to identify and catalog LFEs under non-ideal conditions is important. Additionally, along strike variations in plate interface, properties such as coupling, seismicity, and resistivity provide an opportunity to identify which physical factors affect the distribution and waveform character of LFEs (Burgette et al., 2009; Tréhu et al., 2008; Wannamaker et al., 2014) .
Methods
We use a combination of stations from the Global Seismic Network, the Plate Boundary Observatory, the Central Oregon Locked Zone Array (COLZA) (Williams et al., 2011) , the Flexarray Along Cascadia Tectonophysics xxx (2015) xxx-xxx Experiment, and the Pacific Northwest Seismic Network (PNSN) (Fig. 1) . Data from all high gain stations operating in west central Oregon were downloaded from the IRIS DMC. Data were demeaned, detrended, band-pass filtered between 1 and 10 Hz, resampled to 40 sps, and stored in 24 h data files. In our first attempt to identify LFEs, we employed standard network autocorrelation techniques that have been successful in other subduction zone localities (Brown et al., 2009) . Network autocorrelation typically involves autocorrelating records on each station channel for a subset of quality stations over a specified time period, in our case 1 h. The resulting time series are then stacked to create a network autocorrelation function. When the network autocorrelation function exceeds a given threshold (typically eight times the median absolute deviation, 8*MAD), the corresponding window pairs are considered a detection. Detections are then culled to eliminate duplicates and retain only high-quality detections (Royer and Bostock, 2014) .
We applied network autocorrelation to 3 days of continuous data (09/03-09/05) during the 2009 SSE. Despite the prevalence of identifiable tremor on most stations during the time periods selected, the network autocorrelation method failed to identify a single LFE template. This is likely due to the station spacing (approximately 30 km on average), which is too sparse for there to be simultaneous, coherent LFE signal above the noise levels on more than one or two stations.
We also note that we experimented with window durations and adjusted the timing of windows to capture move out across the network for sources in the tremor catalog of Wech and Creager (2008) , as other methods developed to identify LFEs have employed similar corrections (Frank and Shapiro, 2014) . However, these improvements did not result in successful LFE identification.
We then adopted a cross-station approach to identify LFEs which relies on the similarity of contemporaneous waveforms between stations (Rubin and Armbruster, 2013; Savard and Bostock, 2014) . We applied the method of Savard and Bostock (2014) to stations ALP0, ALS0, and BWO0 to detect candidate templates due to their generally high signal-to-noise ratios and proximity to the 2009 SSE. Once candidate templates are identified, we use network cross-correlation on 3 days of data to register additional detections defined as times when the network cross-correlation exceeds eight times the median absolute deviation. Detections are then stacked to create a new template with better SNR (Gibbons and Ringdal, 2006) . To further improve the SNR, we use a technique known as phase-weighted stacking on the intermediate iterations, which incorporates phase information by upweighting sections of the stack that are coherent in phase and downweighting those that are not (Schimmel and Paulssen, 1997; Thurber et al., 2014) . In order to refine the templates, we iteratively apply crosscorrelation and stacking until no additional detections are registered (generally 10-15 iterations). If additional stations begin to show coherent energy, those stations are included in network correlation upon subsequent iterations. We require a minimum of 100 detections in the 3-day window to stack an LFE template. LFE templates that make the cut are cross-correlated through 46 days of continuous data from August 3 through September 17, 2009. We eliminate duplicate families by ensuring that no family shares more than 10% of detection times, defined as a difference between detection times of b5s, with any other family. Finally, the remaining LFE families are located using HYPOINVERSE (Klein, 2002) with two different velocity models. The first is the O0 model, a regional velocity model employed by the PNSN for earthquake location, and the second is a local 1D model employed by Williams et al. (2011) derived from the 2D model of Gerdom et al. (2000) . Iteration 1  Iteration 3  Iteration 10  Iteration 5   FACK  TOL0  TOLO  BWO0  COR  ALS0  ALP0  YAC1  FACL  EUO  MAP0  B030  TAKO  FACN  B032  B031  FACO  FACR   FACK  TOL0  TOLO  BWO0  COR  ALS0  ALP0  YAC1  FACL  EUO  MAP0  B030  TAKO  FACN  B032  B031  FACO 3. Results Fig. 2 shows one of the best examples of LFEs emerging from the iterative network cross-correlation procedure described above. Initially, the stack does not include station COR, but after the first iteration, a coherent signal emerges at COR and is incorporated into the network correlation function. Additionally, in later iterations, move out becomes visible on many of the stations further south, such as MAP0, B031, and B032, which were not employed in the scanning template supporting the veracity of the registered detections.
Final
In total, the combined cross-station and iterative network crosscorrelation procedure described above resulted in a total of 18 families and over 15,000 individual LFE detections. Of these 18, we were unable to locate five families because the templates were not of sufficient quality to accurately pick arrivals. The LFE locations are shown in Fig. 3 and generally cluster near and within a group of densely spaced highquality stations deployed near Corvallis as part of COLZA (Williams et al., 2011) . Due to the paucity of visible P-waves in the LFE stacks, most locations have poor depth control so we fix their depths to the plate interface. Of the remaining four events, highlighted by thick black in Fig. 3 , we find depths ranging from 31 to 34 km using the velocity model of Williams et al. (2011) . Alternatively, using the O0 model, we find that the depths of the four LFEs mentioned above increases by an average of 4 km.
The location and timing of events agree with the spatiotemporal migration of tremor and slip in this region. Both the geodetic slip inversion of Bartlow et al. (2011) and automated tremor locations of Wech and Creager (2008) indicate that slip in the 2009 event propagated from north to south and arrives in central Oregon in late August (25th). In our families, the arrival of the main slip front manifests as a sharp increase in the detection rate (many detections prior to the SSE are likely false), which first occurs in the northernmost families (Fig. 3B) on August 30th and propagates south at a rate of 5 km/day, consistent with observations of other SSEs in Cascadia Royer et al., 2015) . Additionally, the geodetic and tremor data indicate that the 2009 SSE ceased just south of the densest station spacing around the latitude of Eugene consistent with our detection rates decreasing to pre-SSE levels.
Discussion
SSEs and associated NVT occur regularly in Oregon. While autocorrelation is routinely employed to identify repeating earthquakes, in central Oregon, that method systematically fails due to the low SNR of many stations, low station density, and the infrequent occurrence of isolated LFEs (i.e., LFEs tend to occur in rapid succession). We find that the cross-station approach of Savard and Bostock (2014) is more successful at identifying individual LFEs. These individual candidate LFE templates can then be used in an iterative network cross-correlation and stacking routine to identify additional repeats and refine the template (if enough repeats of that LFE are detected).
Both sets of locations reported in the Results section are generally consistent with LFEs in central Oregon locating at or near the plate interface as reported in similar studies of LFEs in the northern and southern parts of the Cascadia subduction zone (Bostock et al., 2012; Plourde et al., 2015; Royer and Bostock, 2014) . While slightly shallower than the plate interface models of McCrory et al. (2004) and Audet et al. (2010) , our preferred locations are those calculated using the local velocity model of Williams et al. (2011) because the depths of LFEs located using this model are closer to the depths of both interface models. LFE epicenters are consistent with tremor distributions that occur approximately 50 km inland from the shallow edge of the geodetically inferred transition zone Burgette et al., 2009) . Magnetotelluric data analyzed by Wannamaker et al. (2014) indicate that central Cascadia has an expansive zone of low resistivity material, thought to represent subducting sediments, extending from~10 to 40 km depth along the plate interface. Those authors suggest that dewatering and frictional properties of significant underthrust sediments can explain the large extent of the geodetic transition zone, generally low coupling, and the fact that LFEs in central Cascadia appear to occur farther up dip from the inferred onset of eclogitization Wannamaker et al. (2014) .
A comparison between our templates and those beneath southern Vancouver Island and in northern California reveals that LFEs in central and southern Cascadia appear to have more complicated waveforms at similar epicentral distances and for a similar number of contributing detections. Bostock et al. (2012) reported that many of the templates assembled in that study were simple waveforms with abrupt onset and visible P and S waves (top row in Fig. 4 ). In contrast, our templates and those in southern Cascadia (middle and bottom rows in Fig. 4 ) generally have more emergent arrivals, sustained coda, and P-waves that are only visible on a small fraction of families. While path effects and the LFE source may contribute in part to waveform complexity, the differences in waveform character, particularly the lack of P-waves, are most likely due to the small number of contributing stations in central and southern Cascadia. The stations we employed in the cross-station analysis have similar SNR to those used to detect LFEs in northern Cascadia; however, fewer stations result in detections that are less spatially precise than those in southern Vancouver Island. Stacking of waveforms that originate from a larger spatial footprint can obscure template features, resulting in templates that are not as clean as those in regions with better station coverage. The differences in waveform character could also be due in part to false detections. Assuming, as a worst case scenario, that the detection rate prior to the arrival of the SSE in Oregon is representative of the false detection rate, relatively high-quality templates, such as the one shown in Fig. 2 , have 2-3 false detections per day, while over 700 events over a 3-day period were used in template construction. In this particular case, false detections do not influence template quality in any significant way. False detections may influence waveform character in families that have higher false detection rates of 10 events/day and were assembled using a smaller number of detections; however, a comparison of the pre-SSE event rate and the total number of events used to assemble template waveforms of our 18 families suggest this effect is minimal. Additionally, the pre-SSE detection rate is likely an overestimate of the false detection rate, as in many cases stacking pre-SSE detections results in coherent templates albeit with lower SNR. Future work will focus on refining LFE locations and studying more recent SSEs with better station coverage.
Conclusions
We identified 18 LFE families in central Cascadia using a combination of a cross-station method to identify potential templates and network cross-correlation to register additional detections. The majority of events locate to the west of Corvallis either at or slightly shallower than the plate interface model of McCrory et al. (2004) . The time history of detections between families is consistent with the slip front in the 2009 SSE migrating from north to south at a velocity of 5 km/day. The templates we have identified are more complicated than those previously identified in northern Cascadia. Template quality may be affected by both false LFE detections and stacking detections over a larger hypocentral footprint. under Cooperative Agreement EAR-1261681. The COLZA array was funded by the National Science Foundation (NSF-OCE050402). Finally, this material is based on data services provided by the UNAVCO Facility with support from the National Science Foundation (NSF) and National Aeronautics and Space Administration (NASA) under NSF Cooperative Agreement No. EAR-0735156. This study also utilized data from stations supported and maintained by the Pacific Northwest Seismic Network.
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